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Biomolecular condensation is a way of organizing cytosol in which proteins and nucleic 
acids co-assemble into compartments. In the multinucleate filamentous fungus Ashbya gossypii, 
the RNA-binding protein Whi3 regulates the cell cycle and cell polarity through forming 
macromolecular structures that behave like condensates.  Whi3 has distinct spatial localizations 
and mRNA targets making it a powerful model for how, when and where specific identities are 
established for condensates.   We identified residues on Whi3 that are differentially 
phosphorylated under specific conditions and generated mutants which ablate this regulation.  
This yielded separation of function alleles that were functional for either cell polarity or nuclear 
cycling but not both.  This study shows that phosphorylation of individual residues on molecules 
in biomolecular condensates can provide specificity that give rise to distinct functional identities 
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CHAPTER 1: INTRODUCTION 
 
Cytosolic organization by the functional polyQ protein Whi3 
Cells employ a variety of strategies to organize their components. One obvious and well 
studied strategy they use includes the various organelles, which use lipid membranes to separate 
their contents from the rest of the cell. However, although it is traditionally pictured in textbook 
images as a homogenous haze of near-transparent blue, the cytoplasm is actually an incredibly 
dynamic and complex environment that the cell must also compartmentalize. Studying 
cytoplasmic organization is facilitated by the use of a well-chosen model system, and Ashbya 
gosspii is useful in this regard because it grows as a polarized syncytium where many aspects of 
cellular growth and activity must be spatially and temporally confined to local zones within the 
large cell (Gladfelter et al. 2006).   
So how does the cell regulate nuclear cell cycle and growth in a spatially restricted manner? 
One way this could happen is for the cell to create local zones within the cytoplasm where the 
proteins and RNAs needed for a particular activity are concentrated. Previous work showed that 
this is indeed the case for Ashyba, and that a single RNA binding protein Whi3 is important for 
positioning cyclin and formin transcripts to regulate both processes (Lee et al. 2013; Lee et al. 
2015). 
Whi3 self-associates in a manner dependent upon its polyQ tract to form assemblies that 





the cytoplasm CLN3 is also distributed non-uniformly. When the self-association capacity of Whi3 
is ablated by deleting the polyQ region of Whi3 it becomes homogenously distributed, as does 
CLN3. Furthermore, when Whi3 loses its ability to form assemblies and therefore to differentially 
localize CLN3, nuclei in the shared cytoplasm divide more synchronously (Lee et al. 2013). Whi3 
also has a role in regulating polarity by positioning transcripts of the formin BNI1 at the growing 
tips of Ashbya hyphae. Just as with CLN3, when the polyQ tract of WHI3 is deleted, the formin 
transcripts are no longer positioned and the cells show polarity defects (Lee et al. 2015). This 
previous work found that the polyQ tract of Whi3 was required for it to assemble with its mRNA 
targets and perform its function, but our understanding of functional polyQ tracts and their 
regulation is still emerging.  
PolyQ domains are remarkably common in eukaryotic proteomes despite their propensity 
to cause protein aggregation and their tendency to expand in length  (Faux et al. 2005; Lieberman 
et al. 2019; Oma et al. 2007).  The codon CAG is most commonly associated with long polyQ 
tracts and instability in repetitive runs of this codon are thought to be the source of pathological 
expansions in mammals but could also contribute to novel functions (Mier & Andrade-Navarro, 
2018).  Defining what constitutes a polyQ tract depends on the context and the tipping point 
between a physiological versus a pathological length appears to be particular to any given protein 
(Mier & Andrade-Navarro, 2018).  Some work suggests that stretches of 4-6 glutamines in a row 
are sufficiently non-random to indicate function (Lobanov et al. 2016, Totzeck et al. 2017).  In 
some cases polyQ tracts are pure, uninterrupted runs of glutamines but in other cases these are 
sequences with an over-abundance of glutamines but with interruptions of other amino acids, 
frequently Histidines (encoded by CAT) which can be associated with decreased pathological 




such as the slime mold Dictyostelium discoidium this number can rise as high as 10.5%. 
Interestingly, some species have very few polyQ domain-containing proteins, such as 
Schizosaccharomyces pombe, which contains only three proteins containing a polyQ tract. 
Curiously, when exogenous polyQ tracts are expressed in S. pombe the tracts remain a stable length 
and cause minimal toxicity (Zurawel et al. 2016).   Thus polyQ tracts clearly are poised between 
function in pathology with the propensity to expand serving as an engine in evolution that comes 
with high risks for some animals and tissues. 
There is no one specific cell process or subcellular location that uniquely use polyQ 
domains.  Indeed, PolyQ domains have been found to be enriched in proteins related to 
transcription regulation, chromatin maintenance, RNA-binding, and signaling (Schaefer et al. 
2012). In addition to the many cellular processes in which  polyQ proteins function they have also 
been shown to exist in different physical states including liquid-liquid phase separations as well 
as biological amyloids (Franzmann et al. 2018; Majumdar et al. 2012; Zhang et al. 2015).  Thus, 
delineating between physiological and pathological functions of polyQ tracts is an area of great 
relevance to many cell biological problems.    
 
Biochemical nature of polyQ tracts 
Glutamine is a polar uncharged amino acid, and sequences enriched for glutamine can be 
disorder-promoting or intrinsically disordered (Faux et al. 2005; Romero et al. 2001). Intrinsically 
disordered domains (IDRs) do not adopt a fixed three dimensional structure but instead exist as 
flexible ensembles in solution. Measurements of intrinsic protein disorder have been examined 
experimentally by a variety of methods including circular dichroism, NMR, and X-ray diffraction, 




(Romero et al. 2001, Wetzel 2013). Interestingly, despite being a hydrophilic amino acid, polyQ 
stretches have been seen to collapse into compact globular structures in aqueous solution by 
fluorescence correlation spectroscopy (Crick et al. 2007). Computational simulations suggest that 
the polyQ is forming a collapsed coil held together by hydrogen bonding between side chain and 
backbone amide groups (Wang et al. 2006; Vitalas et al. 2008).  Recent NMR experiments and 
computational simulations on the huntingtin exon1 suggest a “tadpole” like shape (Newcombe et 
al. 2018).  These studies find the polyQ collapsed and adjacent sequence extended and show the 
surface area is dependent on Q-tract length thus potentially enhancing the ability to achieve gain-
of-function interactions.   PolyQ domains have also been found to frequently form β-sheets or 
amyloids (Orr & Zoghbi 2007) or in random coils or alpha helices (Bravo-Arredondo et al. 2018). 
PolyQ domains are therefore able to adopt a number of different structural features to support the 
biological function of the proteins in which they are found. 
 
Varying polyQ length to quantitatively tune phenotype to genetic background 
One of the hallmarks of polyQ tracts in relation to disease is their propensity to change 
length (Mirkin 2007).  DNA repeat instability can lead to polyQ tracts changing length by repeat 
extensions of CAG (Mirkin 2007). This is evidenced by the fact that shrinkage and extensions 
within polyQ repeats occur at a much higher rate than single nucleotide polymorphisms elsewhere 
in the genome (Legendre et al. 2007; Lynch et al. 2008). It has been shown in several cases that 
this variation in polyQ length can be an important adaptation that tunes cellular response to 





One such case is found in budding yeast where the transcriptional regulator Ssn6 has been shown 
to regulate expression of its target genes in a manner dependent on the length of its polyQ tracts 
(Gemayel et al. 2015). The length of these polyQ tracts has been shown to vary between yeast 
strains (Liti et al. 2009; Gemayel et al. 2015). Examining the effects of the different natural variants 
as well as an extremely short and extremely long form of the polyQ tract in the context of a single 
strain background showed that as length of the polyQ tract increased, so did the magnitude of the 
expression changes in its target genes. This held true until a certain length of polyQ, but extending 
it beyond that threshold resulted in the aggregation of Ssn6 and loss of its function as a 
transcriptional regulator (Fig. 1.1A)  (Gemayel et al. 2015). The rapid evolution of polyQ tracts 
allows the proteins containing them to respond to their environment by changing phenotype. In 
the case of yeast Ssn6, while the length of the polyQ corresponds with the transcriptional response, 
there is no universally optimal polyQ length across different environments. This suggests that 
perhaps the ability to change polyQ length is advantageous for free-living organisms likely to 
encounter fluctuating environments. 
The phenotypic effect of changes in polyQ length are not always straightforward in 
different genetic backgrounds. In Arabadopsis thaliana, the length of the polyQ tract within the 
ELF3 protein has a strong phenotypic impact on plant morphology as well as circadian function 
(Anwer et al. 2014; Undurraga et al. 2012; Queitsch 2016). Unlike what is seen for Ssn6, severity 
of phenotypes in ELF3 variants in a common background strain do not correspond proportionally 
to polyQ length. Instead, for ELF3 polyQ tracts of different lengths each seem to be uniquely 
compatible with different strain backgrounds (Undurraga et al. 2012). Increasing or decreasingly 





Figure 1.1 Roles for Functional PolyQ Proteins A) PolyQ Length can be used to tune the 
strength of a phenotype. As the length of the polyQ tract within Ssn6 increases, its solubility 
decreases as does the expression of genes under its transcriptional control. B) PolyQ domains can 
phase separate with RNA to form reversible condensates. In fungal cells, Whi3 phase separates 
with its target mRNAs to form condensates in the cell. When the polyQ domain is removed, these 
condensates cannot form and the cells have improper nuclear cycling and polarity. C) PolyQ tracts 
can assemble into amyloid prions. Sup35 in budding yeast will undergo infrequent spontaneous 
conversion to its prion form. This prion state is inherited by daughter cells and will cause frequent 
read-through of stop codons.  
 
phenotypes. Rather, changing the length of the polyQ tract can increase the strength of multiple 
phenotypes in one strain background while in a different strain background, the same change can 
increase the strength of one phenotype while decreasing the strength another (Undurraga et al. 
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2012). Rather than the length of the polyQ simply enabling quantitative control of a particular 
activity, it seems likely that in the case of ELF3, other interaction proteins have co-adapted within 
particular Arabadopsis strains to create a genetic environment where only a polyQ of a particular 
length is functional. It seems clear that while the length of the polyQ tract can tune the strength of 
a biological phenotype there are not generalities about length and function and therefore it is 
critical to understand the cellular context of a change in length.   
 
polyQ in “irreversible” prions 
PolyQ tracts are very frequently found in prion-like domains (PrDs). PrDs are domains that 
have the ability to undergo a conformational shift into a self-propagating and transmissible 
amyloid form (Fig. 1.1C). While prion states were originally thought to be exclusive to disease, it 
is now appreciated that there are cellular roles for the prion form of proteins, and many of these 
proteins contain polyQ tracts (Liebman & Chernoff 2012; Pearce & Kopito 2018). 
Sup35 was one of the first proteins to be shown to be a prion (Wickner 1994). The polyQ 
portion Sup35-N contains the region of the protein that is necessary and sufficient for prion 
formation and generation, although Sup35-M has been shown to affect the particular conformation 
(also known as prion strain) that is formed (Ter-Avanesyan et al. 1994; Bradley & Liebman 2004). 
The functional role of the prion form of Sup35 (known as [PSI+]) has been a matter of debate. The 
translation termination role of Sup35 is essential, however, the [PSI+] cytoplasmic element was 
originally discovered in a screen for nonsense mutation suppressors (Cox 1965). Follow-up work 
showed that when Sup35 was in its prion form of [PSI+], the normal translation termination 
function of the protein was compromised without being completely ablated (Pezza et al. 2014; 




readthrough of stop codons allowed cells to sample greater phenotypic variability, which was 
advantageous following environmental challenges (True & Lindquist 2000) (Fig. 1.1C).  Since the 
discovery of Sup35, many other polyQ proteins in yeast have been shown to be functional prions 
(Alberti et al. 2009; Halfmann et al. 2011; Liebman & Chernoff 2012) with roles from the 
regulating chromatin remodeling (Du et al. 2008; Alberti 2009) to governing the inducibility of 
other yeast prions (Derkatch et al. 2000; Bradley et al. 2002).  
Functional polyQ prions have also been found in multicellular organisms. The Drosophila 
polyQ protein Orb2 undergoes a prion conversion in response to synaptic activity (Majumdar et 
al. 2012). This conversion is necessary in order for long term memories to form in the fly. 
Subsequent to training expected to create a long term memory, Orb2 is observed to convert from 
a monomer form into an SDS-resistant amyloid oligomer form (Majumdar et al. 2012). 
Interestingly, there are two protein isoforms of Orb2, Orb2A and Orb2B, both of which contain 
polyQ domains. However, the isoforms differ in the number of amino acids preceding their polyQ 
domains- 8 amino acids in the case of Orb2A and 162 amino acids in the case of Orb2B, and the 
two isoforms differ in their intrinsic oligomerization propensity (Majumdar et al. 2012). Although 
their polyQ tracts are identical and the two isoforms form hetero-oligomers in fly brain, the smaller 
Orb2A is far more aggregation-prone and far less abundant (Majumdar et al. 2012). This 
emphasizes the importance of context of the polyQ domain within a peptide sequence for normal 
function. 
What is the functional relevance of these distinct protein isoforms with the same polyQ 
tract yet different properties? In conditions that create long term memory in flies the normally 
unspliced Orb2A transcript is processed, resulting in the creation of Orb2A protein (Gill et al. 




However, when either the full polyQ domain or the 8 amino acids preceding the polyQ region of 
Orb2A is removed, the protein no longer can form amyloid-like oligomers, and long-term memory 
is impaired (Majumdar et al. 2012). Undergoing this conversion from monomeric to self-
perpetuating oligomeric form results in the transformation of Orb2 from a translational repressor 
to a translational activator.  This is consistent with a model wherein Orb2 is facilitating long-term 
memory by undergoing prion conversion at specific synapses, and this long-lasting prion of Orb2 
is then able to promote local translation that stabilizes the altered synaptic activity (Khan et al. 
2015). While there are an increasing number of examples of prion-like polyQ domains (Pearce & 
Kopito 2018), there are still many open questions, especially with respect to how their conversion 
is controlled and used for function. 
 
polyQ in condensates for cell patterning and fate decisions 
PolyQ domains are considered to be low complexity sequences (LCS), which can undergo 
phase transitions to form reversible condensates  (Fig. 1.1B) (Zhang et al. 2015, Zhang et al. 2020). 
Condensates have been shown to form in both the nucleus and the cytoplasm under a variety of 
conditions, both in the course of normal cellular functioning and during times of stress. These 
condensates are enriched for protein and frequently RNA, have highly variable material states and 
their functions are still being actively investigated (Alberti 2017).  
An example of a reversible condensate is seen with the polyQ-rich yeast translation 
termination factor Sup35, introduced above, which has been shown to undergo a phase transition 
following short heat or pH stress (Franzmann et al. 2018) (Lyke et al. 2019; Liebman & Chernoff 
2012).  The domain architecture of Sup35 includes a Q-rich N terminal domain (Sup35-N), an 




functionality (Sup35-C) (Alberti et al. 2009). In times of stress, Sup35 is seen to partition into 
condensates, and return to its soluble state after the stress has been relieved (Franzmann et al. 
2018). Interestingly, while the polyQ Sup35-N domain underlies the ability of the protein to enter 
condensates, the acidic Sup35-M domain appears to regulate this phase separation. When the 
acidic residues within Sup35-M are mutated to polar amino acids, the pH dependence of Sup35 
droplet formation is reduced (Franzmann et al. 2018).  Thus, the interplay of environmental stress, 
sequence and material properties of the condensed polyQ-containing protein can all contribute to 
function and the role in stress sensing is further discussed below.   
Although many examples of phase separation are in response to stress conditions, they can 
also be a part of normal cellular processes. The RNA-binding protein Whi3 has been shown to 
form condensates in both S. cerevisiae and the syncytial filamentous fungus Ashyba gossypii in a 
manner dependent on its polyQ tract (Caudron et al. 2013; Lee et al. 2013). Whi3 was identified 
in a cell size screen in budding yeast and further work linked it to cell cycle entry through G1 
cyclin regulation (Nash et al. 2001, Wang et al. 2004).  The polyQ tract is dispensable for cell size 
control but instead mediates the formation of higher-order assemblies of Whi3 termed “mnemons” 
that form in response to mating pheromone (Caudron & Barral, 2013).  These polyQ-dependent 
assemblies can encode previous environmental conditions across generations and can influence 
the ability of aging cells to respond to pheromone although the degree of reversibility is not yet 
clear (Schlissel et al. 2017).  White-opaque switching of the fungus Candida albicans is another 
example of how polyQ-domains can function to create variability of cell responses (Fraser et al. 






In Ashbya, the Whi3 polyQ tract is substantially longer than the budding yeast homologue; 
potentially because the syncytial organization of these cells necessitates enhanced ability for self-
assembly.   In these cells, Whi3 forms condensates that can fuse, dissolve and dynamically recruit 
proteins suggesting they have liquid-like properties and these assemblies require the polyQ-tract 
to form (Langdon et al. 2018; Lee et al. 2013; Zhang et al. 2015).  Whi3 condenses with its RNA 
targets to position them in different places within the large cell, promoting normal polarity 
patterning and asynchronous division of nuclei (Fig. 1.1B). When Whi3 cannot form condensates 
because its polyQ tract has been removed, it retains the ability to bind its RNA targets but can no 
longer position RNAs properly leading to defects in cell polarity and asynchronous nuclear 
division  (Lee et al. 2013; Lee et al. 2015; Zhang et al. 2015). How widely polyQ proteins promote 
the formation of cellular condensates remains to be determined and it will be fascinating to 
understand how sequences that lack compositional complexity are recruited to specific 
condensates.   
 
polyQ domains as cellular sensors  
Because polyQ proteins can often exist either as monomers or as larger assemblies such as 
condensates or prions, they are prime candidates to switch functions in response to cellular 
conditions. The functional role of polyQ domains is often tuned and complemented by other 
domains or amino acids within a protein. For example, addition or removal of charged amino acids 
flanking the polyQ domain of Sup35 has been shown to impact protein solubility. In general, the 
sequence context surrounding polyQ tracts has been shown to be enriched for the amino acids 
histidine and proline as well as coiled coil domains (Totzeck et al. 2017).  The CAG codon 




allowing for easy interconversion between the two amino acids in evolution.  Because histidine 
can change protonation state over a wide range of physiological pH, they are poised to play a role 
in impacting polyQ protein aggregation state as a function of pH.   
This has been shown to be the case for the yeast protein Snf5, a subunit of the SWI/SNF 
complex that contains a large polyQ domain enriched for histidine. During starvation conditions, 
the yeast cytoplasm acidifies, which is associated with the storage of a number of metabolic 
enzymes in filamentous form well as the upregulation of a set of glucose-repressed and stress 
response genes dependent on Snf5 (Gutiérrez et al. 2018, Noree et al. 2010). This response is 
dependent upon the histidine residues within the polyQ domain of Snf5 mediating a pH-dependent 
shift in its aggregation state. While the specific nature of the assembled state is not yet known, 
replacing the polyQ domain of Snf5 with a spidroin domain known to aggregate under acidic 
conditions can partially restore function, however no rescue was observed when the polyQ of Snf5 
was replaced by other low complexity domains that have not been shown to sense pH (Gutiérrez 
et al. 2018). Given that the flanking sequences of polyQ domains have been shown in many cases 
to be instrumental in determining their assembly state, it seems likely that they could be used as 
sensors to sense cellular conditions and trigger a change in polyQ behavior. 
Like fungi, plants are sessile and must deal with shifting environmental environments.  
Recent work in plants on ELF3 (introduced above) has shown that the polyQ-tract length can 
influence temperature-dependent flowering.   Longer polyQ tracts allow the protein to respond to 
warmer temperatures by forming biomolecular condensates in the nucleus, promoting regulation 
of genes important for early flowering (Jung et al. 2020). The biophysical basis by which the polyQ 
tract imparts temperature sensitivity is not clear but could be a wide-spread functional role for 





Proteins with polyQ tracts are involved in a diverse set of cellular processes that 
nonetheless seem to share some common features. They are frequently involved in protein-protein 
interactions and can undergo conversion from a monomeric form to an assembled state, either 
sequestering or changing the activity of the protein to which they are attached. This makes them 
powerful regulators for processes that control state-switching or other cellular decisions. Because 
of the repetitive nature of the CAG repeats that encode them, polyQ proteins can often evolve more 
quickly in response to changes in environmental or genetic background. It has even been 
hypothesized that extension of CAG repeats followed by mutations within that region could be 
important for evolving specialized domains such as prion-like domains (Hands et al. 2008; 
Alexandrov & Ter-Avanesyan 2013). While polyQ proteins clearly play a number of important 
functional roles in the cell, extension of repeats beyond a threshold level can cause disease or 
dysfunction. It is important to further our understanding of what principles determine polyQ 
behavior in physiological conditions and how cells make use of these proteins while avoiding 
disease.  
In this work, we find in the case of the polyQ protein Whi3, phospohorylation of residues 
both within and outside the polyQ is used to regulate specific subsets of Whi3 condensates.  We 
further find that autoregulation of its own mRNA is important for Whi3 to perform its normal 






CHAPTER 2: PHOSPHOREGULATION PROVIDES SPECIFICTY TO 
BIOMOLECULAR CONDENSATES IN CELL CYCLE AND CELL POLARITY 
 
Introduction 
A central feature of cell organization is the assembly and regulation of compartments.  
Cellular biochemistry is spatially limited by sequestration into both membrane-bound organelles 
and membraneless bodies termed biomolecular condensates (Banani et al., 2017).  While there 
are many condensates in both the cytosol and nucleus, mechanisms that control where and when 
they form, determine their physical properties, and establish their distinct functions remain under 
study (Brangwynne et al., 2011; Banani et al., 2017).  Physical principles for phase transitions 
indicate that condensates should be sensitive to local changes in the abundance of key 
components, changes in the solvent conditions, or electrostatic interactions amongst components.  
Work on the RNA-binding protein Whi3 in the filamentous fungus Ashbya gossypii has 
led to some key insights into how specificity can arise.  This protein forms assemblies dependent 
on an extended polyQ-tract and binding to specific mRNAs. CLN3 (a G1 cyclin) transcripts are 
heterogeneously positioned near nuclei in a Whi3-dependent manner. BNI1 (a formin) transcripts 
are positioned at growing tips and nascent polarity sites in a Whi3-dependent manner. The 
assembly of Whi3 structures is essential for asynchronous division of multiple nuclei in a 
common cytoplasm and the generation of new polarity sites (Lee et al., 2013; Lee et al., 2015).  
The fact that this single protein forms functionally distinct condensates in a shared cytoplasm 





We hypothesized that localized signaling leads to specific post-translational 
modifications on Whi3 to control where and when it condenses, dissembles, or the function of a 
given complex.  Ashbya can grow to be hundreds of microns across with dozens of 
simultaneously elongating tips and nuclei that often travel long distances from their birthplace 
(Gladfelter et al., 2006; Schmitz et al., 2006). Given their large size and the potential to 
experience different environments in different parts of the cell, it could be advantageous for cells 
to use post-translational modifications controlled by local signaling to create a spatially-
restricted function to condensates. 
The genetic tractability and clear phenotypic links to function for the Whi3 protein 
provide an opportunity to search for specificity at the level of post-translational modification of a 
protein that is a common component of different condensate assemblies.  Remarkably, we 
identified clean separation of function mutants on two key sites on the protein that specifically 
block either the nuclear cycle or cell polarity functions.  This indicates that despite being driven 
by low complexity sequences that there is exquisite sensitivity of condensates to even small 
changes in local charge.   
 
 Results and Discussion 
Identification of phosphorylation sites on Whi3 
We hypothesized that the formation of Whi3 condensates is controlled at specific places 
and particular times in the nuclear division cycle.  When cells are arrested in nocodazole which 
leads to a G2/M arrest, we noticed that there was a modest decrease in the number of Whi3 
puncta in the vicinity of nuclei, although this effect was not statistically significant (Fig. 




suggesting a redistribution of the protein into potentially distinct stress-induced condensates (Fig 
2.1A&D). These conditions did not affect the number of hyphae containing Whi3 puncta at their 






Figure 2.1 Whi3 is differentially phosphorylated during nocodazole arrest and heat stress. 
(A) Representative images of Whi3-tomato protein localized in hyphae under different growth 
conditions. Scale bar 5 µm. (B) Normalized Whi3 abundance as measured by fluorescence 
intensity of Whi3-tomato protein within the hypha under different growth conditions. N>386 for 
all conditions. *p < 0.05 by one-way ANOVA with multiple comparisons. Bars denote 95% CI. 
polyN polyQ RRM
** * * * ** * * * *
Differentially Phosphorylated in Arrested Cells
Differentially Phosphorylated in Heat Stressed Cells
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(C) Percent of hyphal tips containing a Whi3 punctum. N>62 for all conditions. *p < 0.05 by N-1 
Chi-Square test with Benjamini-Hochberg correction. (D) Average number of Whi3 puncta per 
5.410µm hyphal segment. N> 66 for all conditions.. *p < 0.05 by one-way ANOVA with 
multiple comparisons. Bars denote 95%CI  (E) Schematic of mass spectrometry workflow. (F) 
Diagram of identified or predicted phosphorylation sites. 
 
 
changes in the state of condensates could be triggered by post-translational modifications to 
Whi3 protein.   
We therefore evaluated if Whi3 was differentially phosphorylated under cell cycle arrest 
or heat stress. Whi3-TAP was immunoprecipitated from Ashbya cells growing asynchronously, 
arrested in mitosis, or under heat stress. The immunoprecipitate was analyzed by mass 
spectrometry to identify phosphorylation sites on Whi3 protein in each of the different conditions 
(Fig. 2.1E). We found multiple (X=22, Table 2.1) sites on the protein that were phosphorylated 
and several sites on the protein that were more phosphorylated in nuclear cycle arrest and heat 
stress conditions.  The mass spectrometry did not fully cover the entire Whi3 protein and 
repetitive sequences in the polyQ region as well as portions of the RNA-binding domain were 
not captured (Table 1).  We replaced Whi3 at the endogenous locus under the native promoter 
with non-phosphorylatable and phosphomimetic versions of the protein tagged with TdTomato 
for each of the sites IDed by the mass spectrometry as well as well as predicted CDK and PKA 
sites (Mok et al., 2010; Mizunuma , M. et al., 2013) (Fig. 2.1F). We then assayed these mutants 
for cell behaviors regulated by Whi3 condensation: nuclear asynchrony and polarized growth, 
evaluated the localization of the mutant protein as well as abundance of target mRNAs and the 





We found a spectrum of phenotypes that could be assigned into 4 distinct classes: 
complete loss of function with defects in both nuclear cycling and polarity, partial loss of 
function in nuclear cycling or polarity, or no phenotype (Table 2.2, Figs. 2.2-2.4).    
 
Figure 2.2. Single point mutants at sites of Whi3 phosphorylation can increase nuclear 
synchrony. (A) Nuclei in wild type Ashbya cells go through the cell cycle asynchronously, but 





































   
   
   
   
   
   
   
   
   
   
   
   
   
   
   




   
   
   
 
   
   
   
   








































can become more synchronous in certain genetic backgrounds. Nuclei cartooned in cell cycle 
progression shown with spindle pole bodies. (B) Representative images of SPB labeling for 
synchrony scoring in control (asynchronous), 111D (increased synchrony mutant), and 637A 
(asynchronous mutant). SPBs are in red and nuclei are in cyan. Hyphal outlines are dotted lines 
and representative nuclei of each nuclear cycle stage are indicated with arrows in control cell. 
Images are maximum intensity projections. Scale bar 5 µm. (C) Synchrony indices for Whi3 
mutants as compared to control cells. Bars denote SE. (D) Percent of nuclei in each phase of the 
nuclear cycle in control and Whi3 mutant strains. G1 nuclei are orange bars, S/G2 nuclei are blue 
bars, M nuclei are pink bars. Synchrony phenotype for each strain is represented by cartoon 






Figure 2.3. Single point mutants at potential sites of Whi3 phosphorylation can disrupt 
cellular polarity and lateral branching. (A) Representative images to show gross morphology 
of control and Whi3 mutant strains grown on agar pads. Cartoon representation of polarity 




growing on plate for control (normal polarity), 111D (normal polarity mutant), and 637A 
(disrupted polarity mutant). Interval between frames is 108 minutes. Scale bar 50 µm. (C) 
Representative images of actin at hyphal tips in control and selected Whi3 mutant strains. Images 
are maximum intensity projections. Scale bar 2 µm. (D) Length of polarized actin zone along 
hyphal long axis in control and Whi3 mutant strains. N>31 for all conditions. *p < 0.05 by one-






Figure 2.4. Single point mutants at potential sites of Whi3 phosphorylation can strongly 
influence Whi3 localization and assembly. (A) Representative images of Whi3 protein in 
control or Whi3 mutant strains localized in the hypha. Images are maximum intensity 
projections. Scale bar 5 µm. (B) Representative images of hyphal tips containing or not 




Normalized Whi3 abundance in control and Whi3 mutant cells under different growth 
conditions. N>62 for all conditions. *p < 0.05 by one-way ANOVA with multiple comparisons. 
Bars 95% CI. (C) Percent of hyphal tips in control and Whi3 mutant strains containing a Whi3 
punctum. N>167 for all conditions. *p < 0.05 by N-1 Chi-Square test with Benjamini-Hochberg 
correction. (E) Average number of Whi3 puncta per 10 µm hyphal segment in control and Whi3 
mutant strains. *p < 0.05 by one-way ANOVA with multiple comparisons.  Bars 95% CI. 
 
 
Note, in order to highlight and contrast separation of function alleles and still allow 
comparison of all mutants in a given phenotype, the figures will sometimes be referenced out of 
a linear order.  Importantly, all mutants are comparably expressed to wild-type protein indicating 
that the defects are not due to misexpression of the mutant alleles (Fig. 2.4C).  The cell cycle 
defects impacted synchrony rather than progression through the division cycle per se (Fig. 2.2D).  
In some cases, phenotypes were associated with the loss of detectable Whi3 condensates but in 
other cases condensates appeared normal but were clearly not functional (Fig. 2.4). Similarly, in 
some, but not all alleles, we found changes in mRNA levels that could explain mutant 
phenotypes. Below, we discuss the most interesting cases of clear separation of function alleles 
in detail and then examine the associations between localization and function.   
 
Separation of function mutants specific for asynchrony or cell polarity  
Two clear separation of function alleles emerged, supporting that phosphoregulation is a 
key cue for functional specialization of Whi3 condensates.  One partial loss of function allele 
specifically impacted nuclear asynchrony; cells expressing S111D mutations are significantly 
more synchronous than wild-type cells (Fig. 2.2C) but show normal branching patterns (Fig. 
2.3A&B).  S111D is a predicted Cyclin-dependent kinase (CDK) site that we detected as a 




cells. Consistent with the loss of asynchrony phenotype, S111D mutants showed fewer Whi3 
puncta associated with nuclei (Fig. 2.4 E) and a lower overall level of CLN3 mRNA indicating a 
failure to properly regulate the stability of this transcript (Fig. 2.S1C).  There is also a modest but 
statistically significant decrease in tip-associated puncta but presumably still enough assembly to 
support normal polarity patterning (Fig. 2.3, 2.4D), no difference in the length of the polarized 
actin zone in these cells compared to controls (Fig. 2.3D), and a slightly elevated overall level of 
BNI1 mRNA (Fig. 2.S1D).  Thus, a single residue change is sufficient to specifically impact 
Whi3 in the cell cycle without impacting functions in cell polarity.       
The second separation of function allele we identified was S637A. S637 is located within 
the RNA-recognition motif (RRM) (Fig. 2.1F) of Whi3 and is a conserved, putative PKA 
consensus site (Mizunuma , M. et al., 2013). The S637A mutant has normal nuclear asynchrony 
(Fig. 2.2C) but grossly disrupted polarity (Fig. 2.3A&B). There is a 50% reduction in tips with 
Whi3 puncta compared to wild-type cells in the S637A allele consistent with the substantial 
polarity problems (Fig. 2.3, 2.4) and an increase in length of the polarized actin zone at tips (Fig 
2.3D). Overall BNI1 mRNA levels are not disturbed in this mutant, although the levels are more 
variable cell-to-cell (Fig. 2.S1D).  This indicates that the observed polarity initiation problems 
are unlikely a consequence of destabilizing BNI1. Furthermore, there is no reduction in Whi3 
puncta in the vicinity of nuclei (Fig. 2.4E), consistent with Whi3 being able to support its normal 
role in regulating cell cycle progression. Curiously, in these cells there is a decrease in overall 
CLN3 mRNA abundance, indicating that lowering CLN3 levels is not sufficient to generate 
synchrony (Fig. 2.S1C).  The S637A mutants have specifically lost the ability to regulate polarity 





Thus, separation of function alleles were identified for both the key processes controlled 
by Whi3 condensates in Ashbya. Remarkably, these single point mutations were each able to 
recapitulate what was seen in the full polyQ deletion mutant for each process with respect to 
cellular phenotype and Whi3 localization (Lee et al., 2013; Lee et al., 2015).  But unlike the 
polyQ mutants, only a specific subset of Whi3 assemblies was lost and the corresponding 
cellular function was impaired. This indicates that it is possible to genetically separate and 
independently regulate these distinct functions of Whi3 . 
There has been an emerging understanding of how post-translational modification can be 
used as a cue to regulate assembly or disassemble of condensate structures in other systems 
(Banani et al. 2016, Hofweber and Dormann, 2018).   To our knowledge, however, it has not 
been shown that post-translational modifications can be used to specify different functions for 
condensates that share common components. Our results indicate that beyond the emergent 
properties of weak, multivalent interactions, there are likely to be specific and switchable 
interactions that are important for assembly.  Post-translational modifications may lead to 
different client proteins that impart functional specificity to condensates.   
 
Putative CDK-target residues are important for Whi3 function 
Initially, we were concerned that single residues may be insufficient to generate a 
phenotype so in parallel we made mutants where eight predicted CDK sites (T34, S39, S111, 
S249, S271, T314, T359, T420) were mutated to be phosphomimetic (Ser/Thr to Asp) or non-
phosphorylatable (to Ala).  We termed these mutants cdkA and cdkD. Of these eight sites, five 
were found to be phosphorylated in one or more conditions in our mass spec (T34, S39, S111, 




the cdkD mutant showed extreme defects in both polarity and nuclear asynchrony (Fig. 2.2 and 
2.3).  Surprisingly, both the strains showed an increase in the amount of Whi3 puncta at hyphal 
tips despite significant defects in generating lateral branches. This supports a role for 
CDK/cyclin in cell polarity, which would be predicted based on the localization of Cln1/2 cyclin 
protein at tips (Gladfelter et al., 2006).  Thus, presence of a puncta at a tip is not sufficient for 
normal polarity and suggests that condensates need to be properly regulated by CDK to function. 
Interestingly, though both strains showed pronounced defects in nuclear synchrony, the 
cdkA strains had increased Whi3 hyphal puncta while the cdkD strains had very few. These 
changes in the frequency of interregion puncta suggest that phosphoregulation is an important 
cue for the assembly and dissolution of Whi3 puncta.  Notably, similar loss of function 
phenotypes can arise from seemingly opposing mutations when condensate 
assembly/disassembly are pertubed.   When we examined overall CLN3 and BNI1 levels in the 
cdkA mutant we found that levels of CLN3 mRNA were unchanged and BNI1 levels were 
increased (Fig. 2.S1C&D), suggesting that these Whi3 proteins are likely able to bind mRNA.  
These data indicate that simply the presence of the Whi3 protein and target mRNA is insufficient 
for normal activity in controlling the division cycle.   
 
Whi3 residues phosphorylated during heat stress do not affect polarity or nuclear cycle 
regulation 
One site, S283, was specifically targeted during heat stress. Mutations at site S283 did 
not have any effect on nuclear synchrony or polarized growth (Fig. 2.2&2.3). Similarly, there 
was no difference in the number of hyphal tips containing a Whi3 punctum between wild type 




in these strains. With respect to hyphal Whi3 puncta, S283D was indistinguishable from wild 
type, consistent with its having no problem maintaining nuclear asynchrony (Fig. 2.4E). S283A, 
however, had slightly few hyphal puncta than control in spite of having no defect in nuclear 
synchrony (Fig. 2.4E).  
We hypothesize that a subset of hyphal Whi3 puncta may be used to regulate other Whi3 
phenotypes related to environmental stress response, and that these puncta are absent in the S283 
strain without affecting Whi3-regulated nuclear asynchrony.  When these cells were imaged 
under heat stress conditions, we saw more Whi3 puncta in the S283A cells compared to control 
(Fig. 2.S2), consistent with this residue playing a role in regulating Whi3 assemblies involved in 
a heat stress response. In S283D cells, there was no change in the number of Whi3 puncta 
compared to control following heat stress (Fig. 2.S2). Taken together, these results raise the 
possibility that dephosphorylation at S283 during environmental stress might be used to promote 
a stress-specific Whi3 assembly or even to promote Whi3 recruitment to stress granules.  
 
Alleles with loss of function in polarity and nuclear asynchrony 
In addition to the CDK mutants, there were two other alleles that showed complete loss 
of function in asynchrony and cell polarity: S289D and S637D.  Interestingly, while the S637A 
strain does show separation of Whi3 function, the corresponding phosphomimetic S637D strain 
has both aberrant polarity and a more synchronous nuclear cycle, which cannot be easily 
explained by the site being used exclusively to regulate Whi3 for its function in polarized 
growth. The S637D cells have also lost both tip and hyphal puncta. There are a number of 
potential interpretations of this, but one possibility is that phosphorylation of S637 is required for 




appropriate mimic for a true phosphorylation event and has created a misfunctional protein that 
can no longer fulfil any of its normal functions.  
Cells expressing the phosphomimetic S289D variant of Whi3 are highly synchronous 
(Fig. 2.2C) and show substantial polarity defects with a longer zone of polarized actin (Fig 
2.3A&D).  Notably, these phenotypes are not associated with Whi3’s inability to form puncta as 
in fact there are still hyphal puncta and even more tips with puncta in this mutant (Fig. 2.4 
D&E). S289D cells show a modest decrease in overall CLN3 concentration and no change in 
overall BNI1 levels (Fig. 2.S1C&D), consistent with the idea that in these cells Whi3 is forming 
complexes with its target mRNA that are nonetheless not fully functional. We hypothesize that 
regulated phosphorylation at S289 is important for recruitment of other factors that are needed to 
make Whi3 complexes fully functional for cell polarity and nuclear asynchrony. 
 
Loss of function not always associated with loss of condensation 
Previous work has shown that when the polyQ tract is removed from Whi3 (ΔpolyQ), the 
protein is found far less often in puncta (both hyphal and at tips), because its ability to form 
assemblies has been impaired and in vitro this is seen as an inability to undergo a liquid-liquid 
phase separation with target RNAs (Lee et al., 2013; Lee et al., 2015; Zhang et al., 2015).  The 
situation is far more complex with the phosphomutants where a substantial fraction of the 
mutants still form higher-order assemblies in cells and in some cases are even more abundant 
than the condensates made by wild-type protein.   As noted above, both the S289 and CDK 
alleles all form abundant tip puncta but cannot branch normally and the S289D and cdkA 
mutants show normal to abundant hyphal puncta but a nuclear synchrony phenotype.  This raises 




but likely involves additional roles such as regulation of RNA expression. This is consistent with 
the fact that Whi3 mutant alleles unable to support in vivo function are able to phase separate 
with target mRNA in vitro (Fig. 2.S1E). These alleles demonstrate an important role for 
phosphoregulation beyond controlling the assembly state but also in the function potentially 
thought mediating specific protein or RNA interactions.  
 
Conclusion 
In conclusion, this study shows that phosphorylation of a single residue can specifically 
regulate a subset of condensate assemblies built from a common scaffold protein. Furthermore, 
in addition to stabilizing or destabilizing the assemblies themselves, phosphorylation can also be 
used to regulate the activity of assemblies, possibly through the recruitment of other client 
proteins. Overall, this work advanced our understanding of the molecular grammar used to 
regulate condensates in the cell.  
 
Acknowledgements 
We would like to thank the Gladfelter and Lew Labs for useful discussions and Tim 
Straub for consulting about statistics. The work was supported by NIH R01-GM-081506. The 
authors declare no competing financial interests. 
 
Author Contributions 
 T.M. Gerbich conducted experiments and analyzed data. T.M. Gerbich and A.S. 
Gladfelter designed experiments and wrote manuscript. G.A. McLaughlin and D. Adalsteinsson 




Materials and Methods 
Strain Construction 
To create Whi3 mutant strains tagged with tomato, geneblocks containing the mutations 
of interest were ordered from IDT (Table 3). These geneblocks were then used to replace the 
relevant portions of Whi3 in AGB993 using Gibson cloning to amplify the geneblocks and 
relevant portions of the plasmid (Table 4). Constructs were sequenced across the Whi3 region of 
the plasmid to ensure that no additional mutations had accrued during the cloning process (Table 
5). Each plasmid was then cut by SacII, XhoI, and NdeI. The 6.377 kb fragments containing the 
mutant Whi3, the fluorescent tag, and the NAT resistance marker were separated and purified 
using an agarose gel and integrated into Ashbya using protocols described previously (Wendland 
et al., 2009) (Table 6).  
 
Whi3 protein imaging and Analysis 
A. gossypii cells were grown for 12.5h shaking at 150 rpm in Ashbya full media (AFM) 
at 30°C with appropriate selection, collected by centrifugation for 2 min at 500 rpm, and 
resuspended in 2X low fluorescence minimal media (LFM). Heat stressed cells were shifted to 
42°C at 10.5h. Cells were arrested with 7.5 µg/mL nocodazole at 10.5h.  Cells were mounted on 
1.4% agarose gel pads made with LFM, sealed with VALAP, and then imaged using a widefield 
microscope (Nikon Eclipse TI stage) with a Plan Apo λ 60x/1.40 Oil Ph3 DM objective and an 
Andor Zyla 4.2 plus VSC-06258 camera. Images were deconvolved using 12 iterations of the 





To measure Whi3 abundance, hyphal segments were traced in the phase channel in a 
middle plane to create ROIs. Z-series were used to create a sum intensity projection of the 
fluorescent channel, and then the mean fluorescent signal in each ROI was measured. These 
values were then averaged to generate Whi3 abundance in each strain.  Abundances of mutant 
strains were then normalized to the control abundance.  To measure hyphal tips containing Whi3 
puncta, hyphal tips were marked in phase channel and then manually scored for the presence or 
absence of a Whi3 punctum in fluorescent channel. Mutant strains were compared to control 
using an N-1 Chi-Square test with Benjamini-Hochberg correction.  To measure average number 
of Whi3 puncta in hyphae, 10 µm hyphal segments were traced in phase channel and then the 
number of Whi3 puncta in each ROI was counted manually. Mutant strains were compared to 
control using ANOVA with multiple comparion correction. 
 
Mass Spectrometry 
For mass spectrometry, A. gossypii cells were grown for 16.5h shaking in Ashbya full 
media (AFM) at 30°C with appropriate selection. Heat stressed cells were shifted to 42°C at 
14.5h. Cells were arrested with 7.5 µg/mL nocodazole at 14.5h. Cells were collected via vacuum 
filtration and rinsed with PBS before being resuspended in 2X-NP-40 buffer (6 mM Na2HPO4, 4 
mM NaH2PO4xH2O, 1% NONIDET P-40, 150 mM NaCl, 2 mM EDTA, 50 mM NaF, 4 µg/ml 
leupeptin, 0.1 mM Na3VO4 + fresh 1X EDTA-free protease inhibitor, 1 mM PMSF, 0.01 mg/ml 
leupeptin, 50 mM β-glycerophosphate). Resuspended cells were flash frozen in liquid nitrogen, 
then lysed using a coffee grinder at 4°C. Lysate was clarified by spinning in a tabletop centrifuge 
at 13.K rpm and 4°C for 20 minutes. Supernatant was combined with IgG Sepharose beads and 




pH 8.0, 150 mM NaCl, 0.1% NP-40) and resuspended in Denaturing Buffer (2% SDS, 50 mM 
Tris pH 8.1, 50 mM NaCl, 20% glycerol + fresh 2 mM DTT). Sample was incubated at 65°C for 
20 minutes, then cooled to room temperature before adding 6mM iodoacetamide and vortexed. 
The sample was incubated at room temperature in the dark for 1 hour. DTT was then added to a 
final concentration of 5mM to quench. Samples were run in SDS-PAGE and bands 
corresponding to Whi3 by molecular weight were excised and differentially digested with either 
trypsin, chymotrypsin or proteinase-K, extracted, desalted by STAGE-tip extraction and 
analyzed by microcapillary LC-MS/MS using a Q-Exactive Plus mass spectrometer system as 
previously described (PMID: 29764989). The resulting mass spectra were data-searched using 
the Comet algorithm against the Ashbya gossypii proteome with static modification of 57.02146 
on Cys and dynamic modifications of 15.99491 on Met and 79.96633 on Ser, Thr and Tyr 
residues using either tryptic, chymotryptic or no enzyme specificity and a mass tolerance of 1 Da 
and filtered to a < 1% false discovery rate (FDR) using the target-decoy strategy by filtering 
post-hoc (+/- 3ppm MMA and appropriate XCorr & deltaCorr values to achieve FDR). 
 
Two independent experiments were sent for mass spec for each condition. Coverage of 
Whi3 in the first round: Asynchronous: 51.3%, Nocodazole Arrested: 52.1%, Heat Stress: 7.1%. 
Coverage of Whi3 in the second round: Asynchronous: 70.9%, Nocodazole Arrested: 73.9%, 
Heat Stress: 75.7%.  In addition to the mapped sites, the protein sequence was manually scanned 
for predicted kinase consensus sites (Mok et al. 2010 and Mizunuma et al. 2013) for kinases of 
interest.  
 




A.gossypii cells were grown for 16h shaking in Ashbya full media (AFM) at 30°C with 
appropriate selection then fixed with 3.7% formaldehyde shaking at 30°C for 1 hr. Cells were 
washed with PBS and resuspended in Solution A (100 mM K2PHO4 pH 7.5, 1.2M Sorbitol) and 
digested with zymolyase at 37°C to remove cell wall. Cells were washed with Solution A and 
then spotted onto polylysine treated wells on a slide. Cells were washed with PBS, blocked with 
BSA, and then incubated overnight with rat α-alpha tubulin antibody at 4°C. The following day 
cells were washed and incubated with fluorescently labeled secondary antibody + Hoechst. Cells 
were washed a final time then covered with Prolong gold mounting medium for imaging.  Cells 
were imaged using a widefield microscope (Nikon Eclipse TI stage) with a Plan Apo λ 100x/1.45 
Oil Ph3 DM objective and an Andor Zyla VSC-06258 camera. Images were deconvolved using 
25 iterations of the Lucy-Richardson algorithm in Nikon Elements software and then processed 
using Fiji.  Cell synchrony index was performed as described previously (Nair et al., 2010). 
Briefly, it is a method developed by our lab in collaboration with a statistician that allows us to 
compare the likelihood that adjacent nuclei are in the same cell cycle state compared to what 
would be expected by chance.  
 
Actin Zone Length Imaging and Analysis 
A. gossypii cells were grown for 15h shaking in Ashbya full media (AFM) at 30°C with 
appropriate selection then fixed with 3.7% formaldehyde shaking at 30°C for 1 hr. Cells were 
collected by centrifugation, washed with PBS, then incubated in PBS with Alexa Fluor 
Phalloidin 488 at 6.6 µM for 1 hr. Cells were washed with PBS and mounted on glass slides with 
Prolong Gold mounting medium. Cells were imaged on a Zeiss LSM 880 AIRYSCAN with a 




software. Actin zone lengths were measured using Fiji. Mutant strains were compared to control 
using a ANOVA with multiple comparion correction. 
 
Cell Branching Imaging 
Ashbya spores were spotted onto agar plates made with AFM and appropriate selection. 
Cells were grown at 30°C and imaged on a Nikon Eclipse TS100 with a 10x/0.25 Ph1 ADL 
objective using an iDu Optics LabCam Microscope Adaptor and an iPhone 6 in LapseIt software.  
 
smFISH Imaging 
RNA smFISH labeling of Ashbya was performed as previously described (Lee et al., 
2013) with minor adjustments. Briefly, A. gossypii cells were grown for 16h shaking in Ashbya 
full media (AFM) at 30°C with appropriate selection then fixed with 3.7% formaldehyde shaking 
at 30°C for 1 hr. Cells were collected by centrifugation, washed with cold Solution A, and 
resuspended in spheroplasting buffer (100 mM K2PHO4 pH 7.5, 1.2M Sorbitol, 2mM Vanadyl 
ribonucleoside complex) and digested with zymolyase at 37°C to remove cell wall.  
All subsequent steps were perfomed in RNAse free conditions. Digested cells were 
washed with cold Solution A and then incubated in 70% EtOH at 4°C overnight. Cells were 
washed with SSC wash buffer then resuspended in hybridization buffer (100 mg/mL dextran 
sulfate, 1µg/mL   E. coli tRNA, 2mM Vanadyl ribonucleoside complex, 0.2 mg/mL BSA, 2X 
SSC, 10% v/v deionized formamide) and incubated overnight at 37°C with TAMRA or cy5 
conjugated RNA FISH probes (Stellaris LGC Biosearch Technologies) complementary to RNA 




temperature for 30 minutes. Cells were washed a final time with SSC wash buffer and then 
mounted on glass slides with Prolong Gold mounting medium.  
Cells were imaged using a widefield microscope (Nikon Eclipse TI stage) with a Plan 
Apo λ 100x/1.45 Oil Ph3 DM objective and an Andor Zyla VSC-06258 camera.  
 
Analysis of smFISH Images 
Images were deconvolved using 29 iterations of the Lucy-Richardson algorithm in Nikon 
Elements. 
The modular image processing software ImageTank was used to analyze smFISH images 
and calculate RNA concentrations. The dataset of 100 multi-channel z-stacks were read in as .tiff 
files and run through a semi-automated analysis pipeline within ImageTank. Due to the 
morphologically complicated shape of Ashbya cells, non-overlapping hyphae were manually 
segmented as an initial step. For each hypha, cell volume was reconstructed using the 
cytoplasmic background fluorescence. A threshold was manually set to create an initial 3D mask 
of the hypha, followed by a morphological opening operation to remove extraneous parts of the 
mask caused by out-of-focus light. Nuclei were masked in 3D through a threshold followed by a 
size filter, where only objects larger than 1µm3 were kept to remove DAPI-stained mitochondria. 
For each RNA channel, RNA spots within a given hypha were defined as regions greater 
than twice the mean of that hypha’s cytoplasmic background intensity. To estimate this local 
background intensity, the median fluorescence within each hyphal mask was calculated. Any 
pixel greater than twice the median was temporarily removed from the hyphal mask. The mean 
fluorescence intensity within this resultant mask was used to approximate the cytoplasmic 




threshold to RNA-channel pixels within the original hyphal mask. Whether or not the center of 
mass of each RNA spot was within a nucleus was recorded. 
Data was then exported from ImageTank and post-processed using Python within a 
Jupyter Notebook. Volume of the cytosol of each hypha was calculated by subtracting the 
volume occupied by the nuclei from the volume of the hyphal mask. Only cytoplasmic RNA’s 
were used for calculation of concentrations. While the majority of observed RNA spots within a 
hypha were similar in size and intensity, some were significantly brighter than the rest, likely 
resulting from a higher level of transcription at that location. Furthermore, if multiple RNA spots 
were too close together, there is the possibility that they ended up in the same mask. To get the 
number of individual RNA’s within a given hypha given these considerations, the median of the 
distribution of integrated densities of the RNA spots was used as an approximation for a single 
RNA. RNA spots with integrated density less than twice this median were considered to be a 
single RNA, and any larger than twice the median were divided by the median to estimate 
number of RNA’s in that location. Concentration within each hypha was determined by then 
dividing the number of RNA’s by the volume of the cytosol. Mutant strains were compared to 
control using a ANOVA with multiple comparion correction. 
 
Software and data availability  
ImageTank can be downloaded at https://www.visualdatatools.com/ImageTank/, and the 
smFISH image dataset and corresponding ImageTank file are available upon request. 
 




Full length Whi3 or Whi3 mutant alleles were tagged with a 6-His tag at the N-terminus 
and transformed into BL21 bacteria for protein expression. Cultures were induced with 1 mM 
Isopropyl β- d-1-thiogalactopyranoside after reaching OD 0.6 and grown for 20h at 18°C. Cells 
were collected by centrifugation and lysed in lysis buffer (1.5M KCl, 20 mM Tris pH 8.0, 20 
mM Imidazole pH 8, 1 mM DTT, 1 tablet of Roche protease inhibitor cocktail). Lysis was 
centrifuged to clarify and supernatant was incubated with Ni-NTA resin. Beads were washed 
with lysis buffer in a gravity column and protein was eluted in elution buffer (150 mM KCl, 20 
mM Tris pH 8.0, 200 mM Imidazole pH 8.0,1 mM DTT). Proteins were dialyzed into droplet 
buffer (150 mM KCl, 20 mM Tris pH 8.0, 1 mM DTT) for use in phase separation assays. 
 
In vitro RNA transcription 
RNA transcription was perfomed as described previously (Langdon et al 2018). Briefly, 
plasmid DNA was digested to obtain a linear DNA template that was used with a T7 Hiscribe in 
vitro transcription kit and cy3-UTP according to manufacturer’s instructions to create Cy3-
labeled versions of CLN3 and BNI1.  
 
In vitro phase separation assays 
Protein and RNA were diluted into droplet buffer in glass chambers to a final 
concentration of 8 µM recombinant protein and 5nM in vitro transcribed mRNA. Reactions were 
incubated at room temperature for 2h and then imaged using a spinning disc confocal microscope 
(Nikon CSU-W1) with VC Plan Apo 60X/1.40 NA oil immersion objective and an sCMOS 85% 
QE camera (Photometrics). Quantification was performed in Fiji by using Yen AutoThreshold to 





A representative smFISH max projection, 3D reconstruction from ImageTank, 
distributions of overall concentrations of cytoplasmic RNA’s, and in vitro droplet assays are 
shown in Fig. 2.S1. Localization and abundance of Whi3 puncta following heat stress in S289 






Supplemental Figure 2.1. Overall cytoplasmic concentration of BNI1 and CLN3. (A) Max 
projection of representative smFISH image, contrasted for visibility. BNI1 was labeled with 
CY5, CLN3 was labeled with TAMRA, and nuclei were DAPI stained. Scale bar is 5µm. (B) 3D 
reconstruction generated in ImageTank of the cell in A. Masks of the hypha (white), BNI1 spots 
(green), CLN3 spots (red), and nuclei (blue) are visible. Scale bar is 5µm. (C) Overall 
cytoplasmic concentration of BNI1. Each datapoint is the overall concentration of a single hypha. 
For each strain, n>33 hyphae. *p < 0.05 by one-way ANOVA with multiple comparisons. Bars 
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the overall concentration of a single hypha. Scale bar is 10µm. For each strain, n>33 hyphae. *p 
< 0.05 by one-way ANOVA with multiple comparisons. (E) Representative images of control 
and mutant Whi3 protein phase separated with CLN3 and BNI1 RNA  in vitro. RNA channel is 
labeled.  Area of CLN3 or BNI1 droplets phase separated with different Whi3 protein in vitro. *p 
< 0.05 by one-way ANOVA with multiple comparisons. N>500 for all conditions. Bars denote 







Supplemental Figure 2.2. Residue S283 regulates Whi3 response to heat stress. (A) 
Representative images of Whi3 protein in control, 283A, and 283D strains localized in the hypha 
following heat stress. Images are maximum intensity projections. Scale bar 5 µm. (B) Average 
number of Whi3 puncta per 10 µm hyphal segment in control, 283A, and 283D strains localized 
in the hypha following heat stress. N>75 for all conditions. *p < 0.05 by one-way ANOVA with 























coverage	 		 51.30%	 52.30%	 7.10%	 70.90%	 73.90%	 75.70%	
S025	 		 C	 ?	 NC	 C	 NC	 C	
S026	 		 X	 X	 NC	 ?	 NC	 X	
T034	 CDK-1	 X	 X	 NC	 C	 C	 C	
S039	 CDK-2	 C	 X	 NC	 C	 C	 X	
S111	 CDK-3	 X	 X	 NC	 X	 X	 X	
S198	 GIN4-3	 X	 NC	 NC	 C	 C	 C	
S249	 CDK-4	 X	 X	 NC	 X	 X	 X	
S283	 GIN4-4	 X	 X	 X	 X	 C	 X	
S289	 		 C	 X	 NC	 C	 X	 C	
S292	 		 ?	 ?	 NC	 X	 C	 X	
T294	 YAK1-1	 X	 C	 NC	 ?	 C	 C	
T313	 		 ?	 ?	 C	 C	 C	 X	
T314	
CDK-6	
(full)	 ?	 ?	 C	 ?	 ?	 ?	
S355	 		 X	 X	 NC	 X	 X	 X	
T359	
CDK-7,	
HOG1-1	 X	 X	 NC	 C	 C	 C	
S372	
GIN4-5,	
PKA-1	 ?	 ?	 NC	 C	 C	 X	
S373	 GIN4-6	 NC	 C	 NC	 C	 C	 ?	
S396	 		 NC	 NC	 NC	 ?	 ?	 C	
S413	 		 ?	 X	 X	 C	 NC	 C	
S415	 		 C	 C	 C	 NC	 C	 ?	
S559	 		 NC	 X	 NC	 NC	 C	 X	
S561	 		 ?	 C	 NC	 NC	 C	 C	

























S024	 GIN4-1	 C	 C	 NC	 C	 C	 C	
T183	 GIN4-2	 NC	 NC	 NC	 C	 C	 C	
S271	 CDK-5	 C	 C	 NC	 C	 C	 C	
S373	 GIN4-6	 C	 C	 NC	 C	 C	 ?	
T420	 CDK-8	 NC	 C	 NC	 C	 C	 C	
S556	 GIN4-7	 NC	 C	 NC	 NC	 NC	 C	
S637	
GIN4-8,	








Table 2.1 Sites phosphorylated with any confidence. ?, phosphorylated with low confidence, 
<50%. Blue X, phosphorylated with medium confidence, 50–90%. Green X, phosphorylated with 
high confidence,>90%. Red X, phosphorylated with high confidence with a lot more hits than in 












ctrl	 +	 +	 +	 +	
111A	 +	 +	 +	 +	
111D	 +	 -	 -	 --	
283A	 +	 +	 +	 +	
283D	 +	 +	 +	 +	
289A	 -	 ++	 +	 +	
289D	 --	 ++	 -	 +	
637A	 --	 --	 +	 +	
637D	 --	 --	 -	 --	
cdkA	 -	 ++	 -	 ++	






















































































































































Table 2.4 Primers used to create Gibson fragments 
 
 























































































































































CHAPTER 3: RNA-SPECIFIC CONDENSATION PROMOTES AUTOREGULATION 
OF POLYQ RNA-BINDING PROTEIN WHI3 
 
Introduction 
RNA-binding proteins (RBPs) frequently are able to bind to their own mRNA. In some 
cases, this allows them to function as part of autoregulatory feedback loops to control their own 
expression which in turn can impact other cellular processes in which they participate (Müller-
McNicoll et al. 2019). Broadly speaking, there are two ways by which such autoregulatory 
feedback loops can function. In the first case, an RBP binding to its own mRNA will repress the 
further production of that RBP. This creates a negative feedback loop wherein high levels of a 
particular RBP lead to a homeostatic control mechanism that will prevent further accumulation of 
that RBP (Müller-McNicoll et al. 2019). In mammalian cells, for example, SF2/ASF negatively 
regulates its own expression by binding to its own transcript to promote alternative splicing of that 
transcript into a version that does not code for the full-length isoform (Sun et al. 2010). 
A second mode of action for autoregulatory feedback loops between RBPs and their mRNA 
transcripts is through positive feedback that amplifies an input signal into a robust switch-like 
response (Müller-McNicoll et al. 2019). This is seen with the Drosophila protein Orb, which is 
required in flies for establishment of the dorsoventral and anteroposterior axes (Tan et al. 2001). 
Orb promotes the localization and translation of its own mRNA first at the dorsal anterior part of 




there will be sufficient quantities of Orb protein at the correct time and place to act on its other 
mRNA targets that are required to establish these axes during development (Tan et al 2001).  
RNA-binding proteins are increasingly linked to biomolecular condensates in which RNA 
promotes the demixing of the proteins and it is likely that these autogulatory processes could be 
regulated through condensation.  The RNA-binding protein Whi3 forms condensates to regulate 
multiple processes in the syncytial fungus Ashbya gossypii, including polarized growth and control 
of the nuclear cycle. Whi3 condenses with its target mRNAs from these processes to exert local 
control over the nuclear cycle and polarized growth. Specifically, Whi3 forms condensates with 
the cyclin mRNA CLN3 near nuclei to regulate nuclear cycling and Whi3 protein forms distinct 
condensates with the formin mRNA BNI1 near hyphal tips to regulate polarized growth (Lee et al. 
2013; Lee et al. 2015). Condensation is sensitive to levels of both Whi3 protein and its mRNA 
targets (Zhang et al. 2015), and specificity is achieved through mRNA secondary structure 
elements that allow certain mRNA to incorporate into particular Whi3 droplets. For example, in 
addition to BNI1, SPA2 (another Whi3 target mRNA whose protein product is important for normal 
polarized growth) transcripts are able to partition into polarity droplets, but CLN3 mRNA is 
excluded (Langdon et al. 2018).  
While Whi3 was originally discovered for its role in regulating CLN3 in the closely related 
species S. cerevisae (Nash et al. 2001), it is known to bind a large number of mRNA targets (Cai 
et al. 2013). Though a comprehensive list of all Whi3 targets in Ashbya has not been published, 
we reasoned that it likely has more targets that have yet to be discovered. Indeed, there are a 
number of mRNAs in the genome of Ashbya that have an enrichment of the consensus sequence 
binding site for Whi3; most notably the WHI3 mRNA.  While we have a growing understanding 




we hypothesized that Whi3 might also regulate its own transcript to create feedback loops to 
strengthen local control of the different cellular processes it regulates. We reasoned that perhaps 
Whi3 could be condensing with WHI3 to create or repress production of Whi3 protein to tune local 
levels of Whi3 in order to regulate other local Whi3 targets, similar to what has been seen with 
Orb. In this study, we find that Whi3 does regulate WHI3 transcript, can condense with its own 
RNA and that this interaction is required for Whi3 to perform its normal roles in regulating CLN3 
and BNI1.  
 
Results and Discussion 
We observed that WHI3 mRNA contains five instances of UGCAU (Figure 3.1A), the 
consensus binding site for Whi3 protein, and a similar density of binding sites as known Whi3 
targets such as CLN3. Given this, we hypothesized that Whi3 was binding and regulating its own 
transcript to promote cell polarity and asynchronous nuclear division in Ashbya.  In order to test 
this idea, we created a whi3-5m allele (wbsm) where all the Whi3 binding sites were removed from 
WHI3 transcript via silent mutations (Figure 3.1A).  To assess if this interaction is relevant to the 
LLPS capacity of Whi3 protein, we in vitro transcribed wild-type WHI3 and WHI3-5m RNA and 
combined the synthesized RNAs with recombinantly-expressed Whi3 protein.  Notably, Whi3 
protein was able to phase separate with WHI3 mRNA but not with WHI3-5m mRNA (Figure 3.1B), 
suggesting Whi3 is capable of using these predicted binding sites to bind and phase separate with 
its own mRNA. The protein demixes in a protein and RNA concentration dependent manner, 
similar to other known RNA targets of Whi3 (Figure 3.1C).   These data support that these 
sequences are relevant sites of interaction and are required to drive Whi3 protein to undergo LLP 





Figure 3.1. Whi3 binds and phase separates with its own transcript. (A) WHI3 contains 5 
UGCAU predicted Whi3 binding sites. (B) Representative images phase separation assays of Whi3 
with either WHI3 or WHI3-5m mRNA. (C) Phase diagram of Whi3 and WHI3. (D) ) Synchrony 
indices for wbsm as compared to control cells. Bars denote SE. (E) Representative images of cell 
morphology in control and wbsm cells. Scale bar 10 µm. 
 
To assess the functional relevance of these sequence elements, we next replaced WHI3 in 






































Whi3 protein 8000 nM 








td-Tomato.  We first looked to see if the wbsm cells had altered cell cycle or polarity phenotypes. 
We found that these cells were more synchronous in their nuclear division cycles than control cells 
as assessed by scoring the cell cycle state of neighboring nuclei and comparing to what would be 
expected to be found by chance (Figure 3.1D).  The wbsm cells had a synchrony index around 1.4, 
indicating a moderate phenotype that is less severe than what is seen in the whi3DpolyQ or the  
whi3D, which are around 1.7 and 1.9, respectively (Nair et al. 2010; Lee et al. 2015). Additionally, 
the cln3-5m mutants had defects initiating new lateral branches during polarized growth (Figure 
3.1E). These phenotypes were similar to whi3 mutants that cannot bind mRNA (whi3DRRM), 
cannot form Whi3 assemblies (whi3DpolyQ), or complete Whi3 null mutants (whi3D). 
Importantly, the wbsm mutant encodes a completely wild-type protein indicating that changes in 
the RNA-sequence alone were sufficient to block function, supporting the idea that Whi3 binding 
its own transcript is functionally important.   
In order to understand how Whi3 binding its own transcript is impacting Whi3 function, 
we then looked to see if there was a change in Whi3 protein localization in wbsm cells. We found 
that compared to control cells, wbsm cells had a reduced number of Whi3 puncta around nuclei 
and at tips (Figure 3.2A&B), consistent with the defective cell cycle and polarity phenotypes 





Figure 3.2. WHI3 condensates are distinct from CLN3 or BNI1 condensates. (A) Average 




95% CI. (B) Percent of hyphal tips in control wbsm strains containing a Whi3 punctum. *p < 0.05 
by N-1 Chi-Square test. (C) Representative images of WHI3 and BNI1 or WHI3 and CLN3 in 
Ashyba control cells. Images are max projections. Scale bar 5 µm. (D) Representative images of 
phase separation assays where WHI3 was added to pre-formed droplets of Whi3 with either CLN3, 
BNI1, or WHI3. Scale bar 5 µm. 
 
Given the loss of function phenotypes and reduced numbers of Whi3 puncta around nuclei 
and at tips, we predicted that WHI3 mRNA is a necessary component of normal CLN3 and BNI1 
droplets in the cells. However, when we used sm RNA F.I.S.H. to look at WHI3 transcripts 
alongside CLN3 or BNI1, we found that the mRNAs did not colocalize suggesting they are in 
distinct cellular condensate compartments (Figure 3.2C).  Consistent with the lack of localization 
in cells, WHI3 mRNA did not co-localize with either CLN3 or BNI1 droplets in vitro.   Synthesized 
WHI3 mRNA was not able to partition into Whi3 protein droplets containing CLN3 or BNI1 
mRNAs (and vice versa) in vitro, but was able to partition in to pre-formed droplets composed of 
Whi3 protein and WHI3 mRNA (Figure 3.2D).  These data indicate that Whi3 protein’s ability to 
associate with its own RNA is required for normal formation and function of Whi3 condensates in 
cells but this role is not the result of WHI3 RNA being a core component of CLN3 and BNI1 
droplets but rather functions as a separate condensate. 
Given that WHI3 does not appear to be a component of CLN3 or BNI1 droplets under 
normal circumstances in wild type cells, we reasoned that perhaps the cell cycle and polarity 
phenotypes we observed were due to changes in Whi3 protein levels. Whi3 protein abundance was 
indeed impacted in our wbs-5m cells. We found that by western and by fluorescence, Whi3 protein 






Figure 3.3. Whi3 levels are reduced in wbsm. (A) Normalized Whi3 abundance in control and 
wbsm mutant cells. *p < 0.05 by t-test. Bars 95% CI. (B) Western blot of Whi3 abundance in 
control and wbsm cells. (C) Number of WHI3 mRNA associated with a nucleus in control and 
wbsm cells after or before digestions with proteinase K.  
 
We suspect therefore that the cell cycle and polarity phenotypes that we see in these cells 





 The change in protein level could be due to instability of the transcripts so that there are 
fewer WHI3 RNAs in these cells.  We found that WHI3-5M transcript are present at lower levels 
in cytosol than wild type WHI3 in cells.  This difference was specifically seen in cells that had 
been treated with proteinase K to remove protein masking of RNAs that can block the smFISH 
probes from hybridizing (Figure 3.3C). This suggests that perhaps the specific subset of WHI3-
encoding RNA that is lost in whi3-5m cells is normally found in condensates. This is consistent 
with our results that in vitro, preventing Whi3 from binding its own transcript prevents it from 
phase separating.  
Interestingly, we also found that in wbsm cells, there were fewer nuclei transcribing WHI3 
which suggests that not only is the transcript less stable but that less of it is being produced (Figure 





Figure 3.4. CLN1/2 and WHI3 transcription are reduced in wbsm. (A) Upstream of WHI3 are 
5 ACGCGN predicted MBF binding sites. (B) Representative images of transcriptionally active 
and inactive nuclei. Scale bar 2 µm. (C) Percent of nuclei transcribing CLN1/2 or WHI3 in control 
or wbsm cells. *p < 0.05 by N-1 Chi-Square test. 
 
We noticed that upstream of the WHI3 ORF, there were four predicted MBP binding sites 
(ACGCGN) (Figure 3.4A). In the closely related budding yeast S. cerevisiae, passage through Start 
is regulated by MBF protein binding to these sites. This occurs downstream of Cln3 in the genetic 
circuit, suggesting to us that perhaps in Ashbya Whi3 bound to its own mRNA to regulate levels 
of Whi3 protein and control passage through Start as part of an autoregulatory feedback loop. In 



















which leads to increased local levels of Whi3, which in turn leads to even more CLN3 and thus 
Cln3, ensuring commitment to passage through start via a positive feedback loop. Consistent with 
this, in wbs-5m cells there are fewer CLN1/2 transcriptional hotspots (Figure 3.4C), suggesting 
that in these cells passage through start is impaired.  
 
Conclusion 
We found that Whi3 binds and regulates its own transcript in Ashbya gosspii cells. When 
Whi3 cannot bind its own transcript, Whi3 protein levels are decreased and the cells are no longer 
able to undergo normal nuclear cycling and polarized growth. Furthermore, in these cells 
transcription of Start-regulated genes is decreased, suggesting that perhaps Whi3 autoregulation is 
important for controlling passage through Start in Ashbya via an autoregulatory positive feedback 
loop. 
 
Materials and Methods 
 
Strain Construction 
To create wbsm mutant strain tagged with tomato, a geneblock containing the mutations 
of interest were ordered from IDT (Table 1). This geneblock was then used to replace the 
relevant portions of Whi3 in AGB993 using Gibson cloning to amplify the geneblocks and 
relevant portions of the plasmid (Table 2). Constructs were sequenced across the Whi3 region of 
the plasmid to ensure that no additional mutations had accrued during the cloning process. Each 
plasmid was then cut by SacII, XhoI, and NdeI. The 6.377 kb fragments containing the mutant 




agarose gel and integrated into Ashbya using protocols described previously (Wendland et al., 
2009) (Table 3).  
 
Recombinant protein purification 
Performed as described in Chaper 2. 
 
In vitro RNA transcription 
Performed as described in Chapter 2. 
 
In vitro phase separation assays 
Phase separation assays for Whi3 and WHI3 or WHI3-5m were performed as described in 
Chapter 2. For mixing experiments, initial droplets were pre-formed according to protocol in 
Chapter 2. After 2h, 5mM WHI3 was added and allowed to mix for 30 min. Imagining was 
perfomed as described in Chapter 2. 
 
Synchrony Imaging and Index 
Performed as described in Chaper 2. 
 
Cell Branching Imaging 
Ashbya cells were grown for 14h shaking in Ashbya full media (AFM) at 30°C with 
appropriate selection. Cells were imaged using a widefield microscope (Nikon Eclipse TI stage) 





Whi3 protein imaging and Analysis 
Performed as described in Chaper 2. 
 
smFISH Imaging 
Performed as described in Chaper 2. 
 
smFISH Analysis	
 Hyphae were segmented from phase images by tracing those on ipad from max 
projection. These were used to search in 3D to find edges of phase image and reconstruct hyphal 
volume. 
 mRNA finding was done through a combination of template matching and intensity 
thresholding. 
 
Analysis of Transcriptionally Active Nuclei 
To measure transcriptionally active nuclei, max projections of images were created and 
manually scored for the presence of mRNA hotspots (Dundon et al. 2016). wbsm strain was 
compared to control using an N-1 Chi-Square test. 
All work presented in this chapter was performed and analyzed by Therese M Gerbich 
with the exception of: 
• Erin Langdon performed experiments to create Whi3 and WHI3 phase diagram. 




































CHAPTER 4: DISCUSSION AND FUTURE DIRECTIONS 
 
	
Brief Summary of Results 
This work has investigated how specificity is achieved by condensates that share common 
building blocks in a large cytoplasm. We showed that phosphorylation can be used to regulate 
distinct subsets of condensates that share components (Chapter 2). In A. gossypii, phosphorylation 
of Whi3 at S111 causes a selective loss of Whi3 condensates near nuclei and results in increased 
nuclear synchrony. Phosphorylation of Whi3 at S637 is required for the formation of Whi3 
condensates at growing tips and for cells to maintain proper polarity. Remarkably, these 
phosphorylations are each specific for only one of the known subsets of condensates and 
phenotypes associated with Whi3. 
We also found that phosphorylation of condensate components can regulate complex 
functionality without disrupting complex assembly (Chapter 2). Phosphorylation of Whi3 at S289 
does not affect the assembly of condensates, however these condensates do not support normal 
functionality. Previous work has shown that assembly is required for Whi3 function in cell cycle 
and polarity regulation (Lee et al. 2013; Lee et al 2015), but this allele demonstrates that it is not 
sufficient, and there are additional layers of regulation at play. 
Additionally, these studies show that there is a role for Whi3 in autoregulating its own 





dependent on UGCAU binding sites within the mRNA, and Whi3/WHI3 condensates are distinct 
from other condensates in the cell, possibly through a similar mechanism as what has been found 
for CLN3 and BNI1 droplets (Langdon et al. 2018). We further found that Whi3 autoregulation is 
important for maintaining Whi3 levels in the cell and is linked to passage through Start, indicating 
that perhaps there is cross-talk between the different genetic circuits in which Whi3 is involved. 
 
What is the importance of local translation?  
Previous work showed that in order to maintain nuclear asynchrony and proper polarity in 
A. gosspii, it was necessary for Whi3 to position its CLN3 and BNI1 in particular locations within 
the syncytium (Lee et al. 2013; Lee et at 2015). While an important finding, however, the question 
remains as to how positioning of mRNA is able to confer these phenotypes, when it is their protein 
products that are typically responsible for regulating nuclear cycling and polarity (Moseley et al. 
2004; Wijnen et al. 2006). One obvious possibility that comes to mind is that perhaps mRNA in 
the large cell are being positioned in order to undergo translation, creating protein product that will 
be used to regulate the local environment. 
The importance of positioning mRNA is not unique to Ashbya. In Drosophila, it has been 
seen that in the embryo a striking ~70% of mRNAs are found to have specific subcellular 
localization, and frequently are seen to colocalize with the protein products they encode (Lécuyer 
et al. 2007). Subcellar localization of mRNA has also been seen in other fungi- one of the earliest 
examples is that of ASH1 in budding yeast, which must be localized to daughter cells during 
division in order to enable mating-type switching (Long et al. 1997; Takizawa et al. 1997). It has 
also been seen in syncytial fungi, notably in Ustilago maydis it has been seen that septin mRNAs 




are found to colocalize with these endosomes only when mRNA is also present, and this endosome-
based trafficking of mRNA is required for septin protein to localize to hyphal tips and form 
filaments (Baumann et al. 2014). 
Local translation itself has been best studied in neurons, where it has been found to be 
particularly important in dendrites, axons, and spines (Biever et al. 2019). In fact, while translation 
of septins on endosomes has been strongly suggested by circumstantial evidence in fungi 
(Baumann et al. 2014; Zandar et al. 2016), endosomal translation has been shown directly in axons 
(Cioni et al. 2019). Neurons are in many ways not dissimilar to Ashbya, in that their cellular 
morphology involves a great deal of branching and frequently areas of the cell quite remote from 
one and other are engaging in local cellular processes that are not at play throughout the large cell, 
such as polarized growth in Ashbya or regulation of synaptic plasticity in neurons (Knechtle et al 
2003; Yoon et al. 2016).  
Are Whi3 targets being locally translated, and is their translatability connected to the phase 
state in which they are found? To address the former question, it will be necessary to look directly 
to see if these targets are being locally translated. Live approaches to look at cellular translation 
(Rodriguez et al. 2006; Wang et al. 2016) have been difficult to adapt for use in Ashbya due to a 
limited number of selection markers and high background fluorescence. However, new methods 
based on smFISH that show which mRNA are being translated in fixed cells (Burke et al. 2017) 
could be of great help in Ashyba, and particularly in the case of BNI1 could be used to show 
conclusively if the mRNA that are localized to growing hyphal tips are also being locally 
translated. 
 




If Whi3 targets are being regulated by local translation, it will also be important to 
understand how their translatability is connected to their phase state. Previous work has shown 
that Whi3 can bind and stabilize CLN3 even when it is not able to form condensates, but the cells 
are no longer able to maintain normal nuclear asynchrony (Lee et al. 2013). It is possible that in 
addition to being mis-positioned, CLN3 translatability is being impacted by no longer being in 
condensates. Stress granules, another type of condensate, are known to repress translation of the 
mRNA within them (Protter & Parker, 2016). On the other hand, conversion from the monomeric 
form into the prion assembled form of the polyQ RNA-binding protein Orb2 changes that protein 
from a translational repressor to a translational activator (Khan et al. 2015). Based on these 
examples as well as others, it seems clear that there are no hard and fast rules for how higher order 
phase separations impact the translatability of their targets.  
In the case of Whi3, it is difficult to speculate based on our current data as to whether 
condensates are translationally active or repressive. One potential clue is that in the wbsm 
mutant, the specific subset of WHI3 that is being lost is in the PK-protected fraction (Chapter 3), 
which presumably corresponds to the condensate fraction. In these cells, global levels Whi3 
levels are decreased, suggesting that loss of these condensates results in lower levels of Whi3. 
Similarly, in the case of nuclear synchrony, whi3ΔpolyQ cells show a similar phenotype to cln3Δ 
cells despite no changes in the non-PK fraction of CLN3 mRNA levels (Lee et al. 2013). This 
previous work did not look directly at Cln3 protein levels or levels of the CLN3 protected 
fraction, but it is possible that the nuclear synchrony phenotypes being seen in these cells are a 
result of lower levels of Cln3 in these cells due to the loss of protein-producing Whi3/CLN3 
condensates.  




translation of their mRNA targets, but this is far from the only explanation. It is equally plausible 
that the condensates themselves are translationally repressive, and are instead a repository of 
untranslatable mRNA that is being positioned at particular locations within the cell. In this 
model, condensates would hold mRNA in wait of some cue that caused them to disassemble and 
allowed for the local translation of their former contents. While this model is slightly more 
complicated, it would be entirely consistent with previous results and would explain how even if 
Whi3 condensates are translationally repressive, loss of these condensates results in lower levels 
of the protein products of Whi3 target mRNAs. Ultimately, it will be important for future work 
to look both in vitro and eventually in vivo to understand if Whi3 condensates themselves are 
translationally active or repressive. 
 
Final Thoughts 
Cytoplasmic organization is an important challenge faced by all cells, but it is of particular 
importance in large syncytia, where remote areas of a single cell may need to mount a local 
response to their environment as well as communicate with the larger cell. Condensates are a useful 
way for cells to mount local responses, and the use of proteins common to multiple types of 
condensates allows for cross-talk between the different processes subject to this type of regulation. 
This work found that one way that these condensates can be distinctly regulated in spite of their 
shared components is through the use of post-translational modifications that regulate only specific 
subsets of condensates.   
Further similar studies will look for potential protein regulators as well as to understand 
the genetic circuits that control these phosphorylation events. It will be particularly interesting to 




within the large syncytium. We think that by studying this problem we will be able to understand 
how cells in general utilize common components to create and regulate a variety of different phase 
























APPENDIX: WHI3 CONDENSATES LOCALIZE TO ER 
Introduction 
How Whi3 is able to position multiple different transcripts in multiple different locations 
is an intriguing problem. We can see when we localize cyclin and formin transcripts 
simuntaenously that they do not colocalize, meaning that separate pools of Whi3 protein are 
responsible for localizing each transcript. We wondered if Whi3 complexes could be associated 
with certain organelles that confer information about the local intercellular environment. When 
we visualized Whi3 assemblies in living cells, it becomes apparent that at least a subset of them 
appear to be associate with nuclei and have limited mobility in the cytoplasm. Based on this 
behavior, we reasoned that these assemblies might be associated with ER.  
 
Materials and Methods 
For simultaneous imaging of Whi3 and ER, AG834 expressing Whi3-tomato was 
transformed with AGB311 to plasmidically express Sec63-GFP. Cells were grown in PDMS 
chambers as described previous in Fadero et al. 2018. Cells were imaged using a widefield 
microscope (Nikon Eclipse TI stage) with a Plan Apo λ 60×/1.40 oil Ph3 DM objective and an 
Andor Zyla 4.2 plus VSC-06258 camera. Images were deconvolved using the Lucy–Richardson 
algorithm in Nikon Elements software.  
For FRAP of A. gosspii ER, cells were grown in PDMS chambers as described previous in 
Fadero et al. 2018. Cells were imaged using using a spinning disc confocal microscope (Nikon 




camera (Photometrics). Regions of interest were selected in Nikon Elements software and ablated 
using a 405 nm laser, followed by confocal imaging as above to monitor recovery. 
Results and Discussion 
Simultaneously imaging Whi3 with Ashbya ER shows that many of the puncta do indeed 
appear appear to be associated with ER structures in the hyphae (Fig. 4.1A). As Ashbya is a 
syncytium, we then wondered if perhaps discontinuous ER between adjacent nuclei could 
provide a mechanism for defining nuclear territories and signaling to Whi3 about the state of the 
local nuclear cycle. To test this hypothesis we did FLIP experiments where we bleached a region 
of ER in the hyphae. We then were able to observe both recovery of the bleached region as well 
as global dimming of the ER in the hyphae as the bleached protein exchanged with non-bleached 
protein from the ER of nearby nuclei, indicating that discontinuous ER is not how Ashbya is 





Figure 4.1 Whi3 condensates localize to ER. (A) Representative image of Whi3 condensates 
localizing to ER. Scale bar 5 µm. (B) Montage of ER recovery in Ashbya following 
photobleaching.  Scale bar 10 µm. 
 
Outlook 
Further experiments to understand the connection between Whi3 assembly and ER 
association are ongoing, in order to understand how Whi3 condensates are assembled on ER and 















APPENDIX: IMPACT OF HISTIDINE, SERINE, AND THREONINE WITHIN WHI3 
POLYQ TRACT 
Introduction 
Many polyQ tracts are regulated by non-glutamine residues within the tract or nearby to 
it. Looking at the primary sequence of Whi3, there are a number of histidine, serine, and 
threonine residues within the polyQ tract that could easily be regulating the type of structure it’s 
in. Histidine is an amino acid with the capacity to bind metals under certain conditions and a pKa 
very close to physiological pH. Serine and theronine are potential phosphorylation targets that 
could act as switches for Whi3 to respond to different cellular needs or environments. There is 
also precedent for pH and metals to regulate these types of assemblies. In particular, the 
assembly behavior of certain pathogenic proteins have been shown to be impacted by pH and the 
presence of cations in the environment. In order to test the relevance of these residues in 
regulating the assembly of the protein, we made constructs in which those residues were mutated 
to alanine.  
Materials and Methods 
A. Gosspii cells were grown in AFM for 12h shaking at 30°C for 12h with appropriate 
selection and then switched into media with 5mM Cu`2+, 5mM Zn2+, or pH 3.6 for two hours and 
then imaged. Microscopy was done using a Zeiss Axioimage-M1 upright light microscope with a 
Plan-Apochromat 63x/1.4 oil NA with a  Zeiss 38HE filter cube, excited with an Exfo X-Cite 120 
lamp and acquired with as Orca-AG CCD camera. Iterative deconvolution was done in Volocity. 
 




We wanted to see if by introducing extreme circumstances we could heavily bias the 
formation of certain types of complexes. To this end, we grew Ashbya expressing Whi3-2XGFP 
under normal conditions for 12 hours, and then subjected the cells to either pH, copper, or zinc 
stress for 2 hours. We observed changes in the heterogeneity of Whi3 in response to these stress 
conditions. In cells that were not stressed Whi3 was localized as normal. In all stress conditions, 
Whi3 became more heterogeneous. However, the different stresses resulted in the formation of 
different Whi3 structures. We observed that in cells subjected to acidic stress or Cu stress, Whi3 
relocalized to very small, very bright puncta. In response to Zn stress, Whi3 became more 
heterogenous, but did not form puncta (Fig 4.2A). From this data it seems apparent that Whi3 
heterogeneity changes in response to these cues, but are these changes mediated by regulation 




















Figure 4.2 Mutating residues within Whi3 polyQ tract impacts Whi3 localization and cellular 
polarity. (A) Representative images of Whi3 and mutants following environmental stress. Scale 
bar 5 µm. (B) Representative images of Whi3 and mutant strain hyphal tips. Scale bar 10 µm. (C) 
Representative images of Whi3 and mutant strain cellular morphology. Scale bar 50 µm. 
	
	
We then wanted to use our polyQ tract mutants to see if they were impaired in their 
ability to respond to these stresses. When we examined their localization under normal 
conditions, we noticed that the H>A mutant appeared to be much more heterogeneous than wt 
Whi3, indicating that these residues play a role in the assembly of normal Whi3 structures. When 
we tested the ability of the mutants to respond normally acid stress, we found that the Whi3 H>A 
mutant was unable to form the bright punctate structures seen in the wt and the S/T>A strains 
(Fig 4.2A). These results are consistent with a role for the Histidine residues in the polyQ tract in 
sensing pH by becoming protonated in acidic conditions and changing Whi3 behavior as a 
consequence.  
The same pattern of Whi3 and Whi3 S/T>A (but not H>A) forming punctate structures 
was recapitulated for Cu stress. However, in the case of Cu stress, the S/T>A mutant was not 
able to fully match wt phenotype. While a few punctate structures were present in this condition, 
much of the protein appeared to localize heterogeneously in a manner more similar to H>A (Fig 
4.2A). This could indicate a role for the S/T>A phosphorylation sites in allowing Whi3 to 
dissociate from one subset of structures in order to localize to another.  
In the case of Zn stress, the results are somewhat surprising. The H>A mutant frequently 
formed extremely large bodies, somewhat similar to what was seen for Whi3, but often much 
larger. This suggests that perhaps the histidine residues are acting in concert with other cellular 
signals to drive the formation of these structures. The S/T>A mutant appeared to be somewhat 




and even appeared to possibly form the bright puncta which are normally seen only in the acid 
and copper stresses (Fig 4.2A). From these data, it is very difficult to determine what impact the 
histidine residues are having on the stress response, but the serine and threonine residues at least 
seem to be important for normal response. 
While we were examining the changes in Whi3 localization, we also noticed some 
unexpected morphology phenotypes in these cells. In contrast to the normal Whi3 cells, which 
have hypahe that elongate normally and with predominately lateral branching and normal tips, 
the polyQ tract mutant cells showed phenotypes which indicate unusual growth and polarity. In 
the H>A cells, hyphae do not appear to extend as far as in normal Whi3 cells. In S/T>A, unusual 
tip polarity was observed, as these cells showed a pronounced increase in tip splitting and 
multipolar tips (Fig 4.2B). 
Phase-contrast imaging of mycelia grown was used to examine the growth geometry of 
these Whi3 strains. In contrast to wt cells, which display characteristic lateral branching from 
germ tubes as young mycelia and continue to grow by tip extension, the tagged strains display 
growth and polarity defects. Whi3 H>A, consistent with what was seen in imagine of cells grown 
in liquid media, showed comparable or even slightly increased branching compared to wt. Also 
consistent with observations from cells grown in liquid media, Whi3S/T>A  grew extremely long 
hyphae with reduced lateral branching and increased tip splitting in young mycelia (Fig 4.2C). 
Collectively, these results suggest a role the role of these polyQ tract residuecs in Whi3 in 
polarity regulation. 
Outlook 
Based on what we have seen with our H>A and S/T>A mutants, it seems that these 




important to look at these proteins in vitro to see if the intrinsic capacity of the protein to 
condense with its target RNA has been impacted, as well as to systematically mutate these 
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